Non-thermal atmospheric plasma (NTAP) can be applied to living tissues and cells as a novel technology for cancer therapy. Even though studies report on the successful use of NTAP to directly irradiate cancer cells, this technology can cause cell death only in the upper 3-5 cell layers.
Introduction
Gastric cancer is one of the most aggressive types of carcinomas and it is known as the second most common cause of death 1, 2 . Worldwide, the number of newly diagnosed cases is predicted to reach 930,000 per year, while China alone accounts for 42% of them 3 . Although gastric cancer is usually managed by chemotherapy or surgery, its 5-year survival rate is approximately 15% 4 .
Therefore, efforts to improve survival rates of patients with gastric cancer are one of the main challenges in current research.
Non-thermal atmospheric plasma (NTAP) can be applied to living cells and tissues due to selective cell death without influencing the heathy tissue [5] [6] [7] [8] [9] . The unique properties of NTAP have enabled recent biomedical applications including wood healing 10 , sterilization 11 , blood coagulation 12 , tooth bleaching 13 , skin regeneration 14 and cancer therapy [15] [16] [17] . NTAP is known for the generation of charge particles, electronically excited atoms, ROS, RNS, etc 18 . ROS and RNS, combined or independently, are known to induce cell proliferation as well as cell death. Additionally, extreme amounts of reactive species may lead to the damage of DNA, proteins, lipids, senescence and induce apoptosis 19, 20 . Recent studies showed that indirect NTAP therapy can significantly affect cancer cells 21 . However, there are no studies that report on using NTAP for treating gastric cancer cells, let alone that use NTAP generated in DI water. This paper presents the effects of plasma in gastric cancer cells. The plasma solution was obtained using NTAP generated in DI water. This study describes the NTAP device, its characterization and the response of cancer cells to the plasma solution therapy. The voltage and current of NTAP The utilized plasma device is shown in Fig.1a . Industrial grade argon with a flow rate of about 0.4 L/min was used for testing. The device consisted of 2 electrodes submerged in water. One electrode was a central powered electrode (1 mm in diameter) and the other one was a grounded outer electrode wrapped around the outside of a quartz tube (4.5 mm in diameter). Deionized water was treated with CAP generated in water for 5, 10, 20, and 30 mins, respectively. The two electrodes were connected with a high voltage power supply. The graphs of CAP for current and voltage are shown in Fig. 1b , where the peak-peak voltage is about 8 kV and the average current is 0.23 mA.
The frequency of the discharge generated in DI water is around 6.25 kHz. The temperature change of the plasma solutions for different treatment durations is shown in Fig. 1c . The graph shows that the temperature rises with increased treatment duration. The highest temperature increase of 34.4 ± 1.6 °C is achieved at 30 minutes' plasma treatment. The reactive species that are produced by CAP generated in DI water are shown in Fig. 1d . The identification of emission lines and bands was performed according to the reference 22 . High-intensity OH/O3 peak at 309 nm and lowintensity N2 second-positive system ( 3 Π − 3 Π ) with its peaks at 337, 358, and 381 nm were observed. Naturally argon lines observed in the range of 600 and 800 nm are shown in Fig. 1d . where is the frequency of the electron-neutral collisions, is the plasma density, and is the angular frequency 23 . Temporal evolution of argon plasma density is presented in Fig. 2b and its average electron density was 2.55 × 10 13 cm -3 . NTAP can produce chemically active species in DI water. Plasma discharge produced ROS and RNS in DI water in a time-dependent manner, as shown in Fig. 3a and Fig. 3b According to Arrhenius theory 29 , the decomposition rate of H2O2 increases with temperature. The temperature of the plasma solution increased with treatment time (Fig.1c) , which might explain the decrease in H2O2 concentration. Fig. 3b shows that the NO2concentration increases with treatment time. The NO2mainly originates as NO, while most of NO is formed in the gas phase during the afterglow a few milliseconds after the discharge pulse. It is known that NO2is a primary breakdown product of NO in DI water 30 and through the following pathway 31 .
N2 + e → 2N + e (11)
4NO + O2 + 2H2O → 4NO2 -+ 4H + (13) Due to DI water contact with air, it is plausible to assume that O2 and perhaps N2 is coming from air. On the other hand, N2 is perhaps coming from the industrial grade argon. Thus reactions (11), (12) and (13) can be used to explain the production NO2in argon gas Plasma generated in DI water was applied to gastric cancer cells. DMEM and untreated DI water was used as the control conditions. Fig. 4 shows the viability of the human gastric cancer when they were exposed to DMEM, DI water and plasma solution (5, 10, 20 , and 30 mins) for 24 hours and 48 hours. At 24 hours, the viability decreased by 15.8% when the cells were treated with DI water in comparison with the DMEM control condition (Fig. 4a ). The viability of cells treated by plasma solution was lower than that of the DI water and decreased with increasing treatment time.
At 48 hours the viability of the cell decreased by approximately 22.6%, 28.2%, 30.9%, 41.6%, and 45.7% respectively according to treatment duration. (Fig. 4(b) ). A decrease in cell viability was accompanied with an increase in the concentration of nitrite and a decrease in the concentration of H2O2. Thus, it can be seen that the strongest effect can be observed at 30 min plasma solution.
ROS and RNS are important signal mediators that regulate cell death 30 . When the cell is stimulated by environmental stress or other factors, it produces ROS that are potential signaling molecules 32 .
Extreme amount of ROS in the cells may cause DNA damage, genetic instability, cellular injury and eventually induce apoptosis. RNS is a pleiotropic mediator and a signaling molecule involved in a large number of cell functions 33 . In some situations, RNS activate the transduction pathways causing cells apoptosis and are capable of inducing cell death via DNA double-strands break/apoptosis 34, 35 . Our results in Fig. 3 show that the ROS concentration is highest at 5-minute treatment while the RNS concentration is highest at 30 minutes. The trend of cell death can be attributed to the increase of RNS concentration with increasing treatment time. A synergistic effect of RNS and ROS is suspected to play a key role in the apoptosis effect of plasma solution. In fact, RNS plays a more important role that ROS in gastric cancer cell apoptosis under the present experimental condition.
In summary, non-thermal atmospheric plasma was generated in DI water using argon as a carrier gas. ROS concentration decreased with extended treatment time, while RNS concentration increased with treatment. It can also be concluded that RNS plays a more significant role in gastric cancer cells death or apoptosis than ROS.
